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ELECTRONIC INTERFACE FOR LVDT-TYPE
PRESSURE TRANSDUCERS USING
PIEZORESISTIVE SENSORS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority under 35 U.S.C. 119 to
U.S. Provisional Application Ser. No. 61/438,564, filed on
Feb. 1, 2011, which is hereby incorporated by reference in its
entirety as if fully set forth herein.

TECHNICAL FIELD

The present invention relates to LVDT-type pressure trans-
ducer assemblies.

BACKGROUND

A Linear Variable Differential Transformer (LVDT) is a
type of electrical transformer used for measuring linear (i.e.
translational) displacement. Linear variable differential
transformers, as illustrated in FIG. 1 (prior art), are often used
as physical sensing elements in electronic circuits to provide
an electrical measurement of small physical displacements,
such as those produced by linear movements or pressure
changes.

Early LVDT pressure transducers included mechanical
components, such as an aneroid or a Bourdon tube, as illus-
trated in FIG. 2. The pressure applied to the aneroid caused a
displacement of the core of the LVDT, thereby generating an
output ratio R proportional with the applied pressure. The
pressure was then determined by measuring the two output
voltages V1 and V2 of the LVDT and calculating the ratio R.
These LVDT pressure transducers had significant shortcom-
ings, however, primarily due to the mechanical nature of their
components. These shortcomings typically included poor
accuracy, poor stability, sensitivity to vibration and shocks,
and large hysteresis, i.e., sticking, due to the mechanical
friction of the core. As a result, they were subject to trans-
ducer failure and erroneous outputs, particularly when sub-
jected to high-vibration environments and acceleration
forces. Therefore, while conventional mechanical LVDTs are
still commonly used, it is desirable to replace them with
improved LVDT-type sensing circuits that are less prone to
transducer failure and erroneous output.

Solid-state implementations of LVDT-type pressure trans-
ducers have been introduced to obviate many of the short-
comings of their mechanical counterparts. One solid-state
LVDT-type transducer uses a piezoresistive bridge for pres-
sure sensing and an electronic circuit to generate LVDT-type
output, as described in U.S. Pat. No. 5,398,194 (“ELEC-
TRONIC SENSING CIRCUIT USING PIEZORESIS-
TORS,” issued to Amnon Brosh et al. on Mar. 14, 1995 and
assigned to Kulite Semiconductor Products, Inc., Leonia,
N.J.). FIG. 3 provides a schematic of an implementation of
one such solid-state circuit. While such solid-state traducers
eliminate many of the shortcomings of mechanical LVDT-
type pressure sensors, they have drawbacks of their own. For
example, it has been observed that these solid-state transduc-
ers require a transformer to function properly. Disadvanta-
geously, however, transformers are large, heavy, and expen-
sive, often costing more than the remaining transducer
components combined. Thus the cost and size are often
incompatible with desired uses.

Therefore a need exists for an improved replacement
LVDT-type pressure transducer that obviates the need for
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2

undesirable electro-mechanical components or transformers.
It is to this need that the present invention addresses.

BRIEF SUMMARY OF INVENTION

Exemplary embodiments of the present invention provide
an LVDT-type pressure transducer assembly, comprising a
first and second input terminal for receiving a first and second
input voltage, respectively, wherein the first and second input
voltages are about 180° relative to each other, a Wheatstone
bridge configured to receive the first and second input volt-
ages, wherein the Wheatstone bridge is adapted to measure an
applied physical parameter and output first and second sig-
nals substantially indicative of the physical parameter, and a
first output terminal and a second output terminal for output-
ting a first and second output voltage, respectively, that cor-
respond to the first and second signal, respectively, wherein a
sum of the first and second output voltages remains relatively
constant, and wherein the pressure transducer assembly does
not comprise a transformer component.

Other exemplary embodiments of the present invention
provide a transformer-less LVDT-type pressure transducer
assembly, comprising a first and second input terminal for
receiving a first and second input voltage, respectively, a
rectifying circuit assembly adapted to receive the first and
second input voltages, maintain the direction of the first and
second input voltages, and double the first and second input
voltages, a sensing element configured to receive the first and
second input voltages from the rectifying circuit, wherein the
sensing element is adapted to measure an applied pressure
and output first and second signals substantially indicative of
the pressure, and a first output terminal and a second output
terminal for outputting a first and second output voltage,
respectively, that correspond to the first and second signal,
respectively, wherein the first and second output voltages
change relative to each other depending upon the direction
and amount of the applied pressure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a linear displacement LVDT of the prior
art.

FIG. 2 illustrates an LVDT-type pressure transducer
assembly of the prior art.

FIG. 3 illustrates a solid-state LVDT-type transducer
assembly of the prior art.

FIG. 4 illustrates the circuitry of an exemplary embodi-
ment of the LVDT-type transducer assembly of the present
invention.

FIGS. 5A and 5B graphically illustrate values of outputs
V1 and V2 versus pressure and their corresponding ratio,
respectively, of the embodiment illustrated in FIG. 4.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Although preferred embodiments of the invention are
explained in detail, it is to be understood that other embodi-
ments are contemplated. Accordingly, it is not intended that
the invention is limited in its scope to the details of construc-
tion and arrangement of components set forth in the following
description or illustrated in the drawings. The invention is
capable of other embodiments and of being practiced or car-
ried out in various ways. Also, in describing the preferred
embodiments, specific terminology will be resorted to for the
sake of clarity.
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It must also be noted that, as used in the specification and
the appended claims, the singular forms “a,” “an,” and “the”
include plural referents unless the context clearly dictates
otherwise.

Also, in describing the preferred embodiments, terminol-
ogy will be resorted to for the sake of clarity. It is intended that
each term contemplates its broadest meaning as understood
by those skilled in the art and includes all technical equiva-
lents which operate in a similar manner to accomplish a
similar purpose.

By “comprising” or “containing” or “including” is meant
that at least the named compound, element, particle, or
method step is present in the composition or article or
method, but does not exclude the presence of other com-
pounds, materials, particles, method steps, even if the other
such compounds, material, particles, method steps have the
same function as what is named.

It is also to be understood that the mention of one or more
method steps does not preclude the presence of additional
method steps or intervening method steps between those
steps expressly identified. Similarly, it is also to be under-
stood that the mention of one or more components in a device
or system does not preclude the presence of additional com-
ponents or intervening components between those compo-
nents expressly identified.

Referring now to the drawings, in which like numerals
represent like elements, exemplary embodiments of the
present invention are herein described. It is to be understood
that the figures and descriptions of the present invention have
been simplified to illustrate elements that are relevant for a
clear understanding of the present invention, while eliminat-
ing, for purposes of clarity, many other elements found in
typical pressure sensor assemblies and methods of making
and using the same. Those of ordinary skill in the art will
recognize that other elements are desirable and/or required in
order to implement the present invention. However, because
such elements are well known in the art, and because they do
not facilitate a better understanding of the present invention,
a discussion of such elements is not provided herein.

Exemplary embodiments of the present invention provide a
transformer-less, solid-state pressure transducer assembly
having significantly better characteristics than those of the
prior art. An exemplary embodiment of the pressure trans-
ducer assembly of the present invention is illustrated in FIG.
4. The pressure transducer assembly of the present invention
achieves many of the same functions as transducer assemblies
of the prior art having transformers, however the pressure
transducer assembly of the present invention is smaller in size
and weight, costs less to manufacture, and has increased
reliability.

To generate an accurate LVDT-type output, LVDT-type
pressure transducer assemblies should satisty certain require-
ments. First, the DC voltage(s) should be substantially mini-
mized, if not removed as circuits that measure LVDT type
signals are sensitive to AC signals only, and a spurious DC
component will interfere with their intended operation. Sec-
ond, the pressure transducer circuitry should accommodate
relatively large output voltages as the output voltages can
reach about 5.5 VRMS, as illustrated in FIG. 5A. Third, the
output voltages should have a relatively large bias (initial
value at zero pressure) such that when the pressure increases,
the decreasing voltage does not reach zero, as illustrated in
FIG. 5A. Fourth, the sum of the two output voltages should
remain relatively constant. Fifth, the phase shift of the two
output voltages relative to the input voltage(s) should be
substantially zero. The pressure transducer assembly of the
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present invention satisfies these requirements without the use
of'a transformer, therefore making it a desirable replacement
over prior art embodiments.

As illustrated in FIG. 4, the voltage supply of the pressure
transducer assembly 100 is provided by two AC voltages
VIN+ (105) and VIN- (110). In an exemplary embodiment,
the input voltages VIN+ (105) and VIN- (110) can have a
magnitude of about 3.5 VRMS. VIN- (110) may be about
180° relative to VIN+ (105), thus VIN-=-VIN+, therefore
making VIN+ (105) about 3.5 VRMS and VIN- (110) about
-3.5 VRMS. It should be understood that in other exemplary
embodiments, the magnitude of the input voltages can be
higher or lower based on system requirements. For example
and not limitation, it may be desirable to have input voltages
around about £5.0 VRMS. It shall be further understood that
all voltages within the pressure transducer assembly 100,
including the two output voltages V1 (170) and V2 (175),
which are labeled in this schematic as Vout+ and Vout-,
respectively, and will be further discussed herein, are mea-
sured relative to the pin RTN (180). Further, the phase refer-
ence of all the voltages within the circuit is the phase of
voltage VIN+ (105). Thus, the phase shift of the voltages
within the pressure transducer assembly is preferably sub-
stantially zero.

In prior art embodiments, such as the embodiment illus-
trated in FIG. 3, transformers were utilized as both a rectify-
ing and doubling circuit, whereby the incoming voltage was
doubled to enable better detection of output voltages. The
present invention, however, eliminates the need for a trans-
former and replaces the transformer with a rectifying circuit
assembly 115, as illustrated in FIG. 4. The rectifying circuit
assembly 115 of the present invention receives input voltages
VIN+ (105) and VIN- (110) and comprises a plurality of
diodes 120 and capacitors 125 in electrical communication
with each other and adapted to work together to double the
rectified voltages, as previously carried out by the trans-
former in prior art embodiments, and maintain the positive
and negative voltages of the VIN+ (105) and VIN- (110),
respectively. In alternative embodiments, the voltage may be
retained at near constant levels or increased by a multiple
other than two.

The rectifying circuit assembly 115 then feeds VIN+ (105)
and VIN- (110) voltages to a sensing element, such as a
Wheatstone bridge 130. The Wheatstone bridge 130 is
adapted to measure an applied pressure and output voltage
signals substantially indicative of the applied pressure, which
are subsequently outputted as first and second output voltages
V1 and V2, which will be further discussed herein. The
Wheatstone bridge 130 comprises four piezoresistor ele-
ments arranged in two bridge legs that are connected in par-
allel. Each bridge leg comprises two piezoresistor elements
connected in series, wherein one piezoresistor element in
each leg senses a physical parameter, such as pressure,
applied in one direction, and the other piezoresistor element
in each leg senses the physical parameter, such as pressure,
applied in the opposite direction. Thus, when pressure is
applied in a particular direction, the resistances of the corre-
sponding pair of piezoresistor elements in each leg increase
and correspondingly change the bridge outputs accordingly.
The outputs from the Wheatstone bridge 130 are utilized to
generate two voltage outputs, V1 (170) and V2 (175) from the
pressure transducer assembly 100, wherein the applied pres-
sure may be determined by calculating ratio R, which is
defined as:
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Ratio R is proportional to the applied pressure. Thus, accord-
ing to the equation, when no pressure is applied to the piezore-
sistor elements, the output V1 and V2 are equal and at a null
point. Further, when there is an increase in pressure in one
direction, output V1 increases while output V2 decreases.
Similarly, when there is an increase in pressure in the opposite
direction, output V1 decreases and output V2 correspond-
ingly increases. Thus, the output voltages V1 and V2 change
relative to each other depending upon the direction and
amount of the applied pressure, in a manner similar to the
output voltages provided by an LVDT assembly. FIGS. 5A
and 5B graphically illustrate the values of the two output
voltages V1 (170) and V2 (175) and the ratio R relative to
pressure, respectfully, wherein “measurand” is the distance
for LVDT displacement or input pressure LVDT-type pres-
sure transducers.

As previously described, the Wheatstone bridge 130 may
be supplied with AC input voltages from the rectifying circuit
assembly, which have a frequency of about 3 kHz, such that
the Wheatstone bridge 130 generates a low-level AC voltage
that is both proportional with the pressure and ratiometric
with the input voltages. It shall be understood that the two
output voltages V1 (170) and V2 (175) are also AC voltages,
are of the same frequency, and are substantially in-phase with
the input voltages.

The Wheatstone bridge 130 outputs may be amplified by an
instrumentation-type differential amplifier implemented via
first and second operational amplifiers, U1A (135) and U1B
(140), respectively, before they are outputted as first and
second output voltages V1 (170) and V2 (175), respectively.
Prior art embodiments, such as the embodiment illustrated in
FIG. 3, utilize four operational amplifiers. The pressure trans-
ducer assembly 100 of the present invention simplifies this
circuitry as it utilizes two operational amplifiers to generate a
sufficient voltage level. Further, the first and second opera-
tional amplifiers 135/140 are in electrical communication
with gain resistor RGAIN (155), which enables the first and
second operational amplifiers 135/140 to output what four
operational amplifiers of the prior art outputted, and adjusts
the V1 (170) and V2 (175) outputs so that they maintain a
relatively constant V1+V2 sum. It shall be understood that
RGAIN (155) may be a variable resistor component or a set
resistor component. Further, the ratio of resistors R7 (145)
and R5 (150), which are in parallel with RGAIN (155), enable
RGAIN (155) to determine the gain adjustment needed to
deliver a sufficient voltage signal to the V1 (170) and V2 (175)
outputs and maintain the V1+4V2 sum. The gain resistor
RGAIN (155) operates as a function of the bridge output, thus
the differential output (V1-V2) may be adjusted so the ratio
R is ofa desired value. This is possible because this sum of the
two output voltages V1+V2 remains relatively constant, inde-
pendent of the pressure, and irrespective of the value of the
gain resistor RGAIN. Embodiments of the prior art do not
utilize such an RGAIN (155) component. Rather, prior art
embodiments utilize separate resistors that adjust at the same
time, and one skilled in the art will appreciate the difficulty in
adjusting two parameters simultaneously.

Further, an additional bias voltage common for both output
voltages V1 and V2 may be generated by resistors R3 (160)
and R4 (165). In such an embodiment, the value of the bias
voltage is equal to —(VIN-)(R7/R3). As VIN- is equal to
—VIN4, the bias voltage equals (VIN+)(R7/R3). The values
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of' the resistors may be chosen such that the two output volt-
ages V1 (170) and V2 (175) have a relatively large bias and
maintains a relatively constant V1+V2 sum.

To maintain a negligible DC component for the output
voltages V1 and V2 (as previously described, the output volt-
ages are AC voltages), the gain circuit uses capacitor C7
(185). Capacitor C7 (185) acts like a short circuit at the
operating frequency of about 3 kHz, but has a very large,
practically infinite, resistance at DC. As a result, the AC gain
is unaftected by capacitor C7 (185) and can be reduced to
unity (x1) at DC. Theoretically, this feature is not necessary
as the DC output of the bridge is zero, and the operational
amplifiers have zero offset. In many environments, however,
these voltages are not completely zero, and without capacitor
C7 (185), the DC component would be amplified by the same
gain as the AC path. Thus, capacitor C7 (185) substantially
reduces the DC component such that it becomes a negligible
factor, and is substantially equal to the offset voltage of the
operational amplifiers.

Additionally, the first and second operational amplifiers
U1A (135) and U1B (140) are supplied with two DC voltages,
which may be generated by the rectifiers/voltage doublers
implemented with the diodes D1A, D1B, D2A, D2B, D3A,
D3B, D4A, D4B, and capacitors C1, C2, C3 and C4. Capaci-
tors C5 and C6 may filter out ripple, resulting in stable DC
supply voltages for ULA (135) and U1B (140). This imple-
mentation allows for the generation of relatively high value
output voltages V1 (170) and V2 (175), without the use of
transformers.

It will be apparent to those skilled in the art that modifica-
tions and variations may be made in the apparatus and process
of the present invention without departing from the spirit or
scope of the invention. Itis intended that the present invention
cover the modification and variations of this invention pro-
vided they come within the scope of the appended claims and
their equivalents.

What is claimed is:
1. An LVDT-type pressure transducer assembly, compris-
ing:

first and second input terminals for receiving first and
second input voltages, respectively, wherein the first and
second input voltages are about 180° relative to each
other;

arectifying circuit assembly adapted to receive the first and
second input voltages, maintain the direction of the first
and second input voltages, and double the first and sec-
ond input voltages; and

a sensing circuit assembly comprising:

a Wheatstone bridge adapted to measure an applied
physical parameter and output first and second signals
substantially indicative of the physical parameter;

a capacitor adapted to substantially reduce a DC com-
ponent of the first and second signals;

first and second operational amplifiers adapted to
amplify the first and second signals output from the
Wheatstone bridge;

a gain resistor in electrical communication with the first
and second operational amplifiers, the gain resistor
operating as a function of the first and second signals
output from the Wheatstone bridge, wherein the gain
resistor is adapted to adjust a differential output
between first and second output voltages that corre-
spond to the first and second signals output from the
Wheatstone bridge, respectively, wherein a sum ofthe
first and second output voltages remains relatively
constant; and



US 9,157,822 B2

7

a first output terminal and a second output terminal for
outputting the first and second output voltages,
respectively; and

wherein the pressure transducer assembly does not comprise
a transformer component.

2. The transducer assembly of claim 1, wherein the first and
second input voltages are AC voltages.

3. The transducer assembly of claim 1, wherein the first and
second input voltages are about +3.5 VRMS and -3.5 VRMS,
respectively.

4. The transducer assembly of claim 1, wherein the first and
second input voltages have a frequency of about 3 kHz.

5. The transducer assembly of claim 4, wherein the first and
second output voltages are substantially the same frequency
as the first and second input voltages, respectively.

6. The transducer assembly of claim 1, wherein the firstand
second output voltages are substantially in-phase with the
first and second input voltages, respectively.

7. The transducer assembly of claim 1, wherein the first and
second output voltages change relative to each other depend-
ing upon the direction and amount of the applied physical
parameter.

8. The transducer assembly of claim 1, wherein the physi-
cal parameter is pressure.

9. The transducer assembly of claim 1, wherein the sensing
circuit assembly further comprises:

a first parallel resistor and a second parallel resistor, the
first and second parallel resistors in parallel with the gain
resistor, wherein the ratio of the first and second parallel
resistors enable the gain resistor to determine the differ-
ential output between the first and second output volt-
ages necessary to keep the sum of the first and second
output voltages relatively constant.

10. A transformer-less LVDT-type pressure transducer

assembly, comprising:

first and second input terminals for receiving first and
second input voltages, respectively;

arectifying circuit assembly adapted to receive the first and
second input voltages, maintain the direction of the first
and second input voltages, and double the first and sec-
ond input voltages;
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a sensing circuit comprising:

a Wheatstone bridge adapted to measure an applied pres-
sure and output first and second signals substantially
indicative of the applied pressure;

first and second differential amplifiers configured to
receive the first and second input voltages from the
rectifying circuit and adapted to amplify the first and
second signals outputted from the Wheatstone bridge;

a gain resister in electrical communication with the first
and second differential amplifiers, the gain resistor
operating as a function of the first and second signals
outputted from the Wheatstone bridge, wherein the
gain resistor is adapted to adjust a differential output
between first and second output voltages that corre-
spond to the first and second signals; and

a first output terminal and a second output terminal for
outputting the first and second output voltages,
respectively, wherein the first and second output volt-
ages change relative to each other depending upon the
direction and amount of the applied pressure.

11. The transducer assembly of claim 10, wherein the first
and second input voltages are AC voltages.

12. The transducer assembly of claim 10, wherein the first
and second input voltages are about 180° relative to each
other.

13. The transducer assembly of claim 10 wherein the first
and second input voltages are about +3.5 VRMS and -3.5
VRMS, respectively.

14. The transducer assembly of claim 10, wherein the first
and second input voltages have a frequency of about 3 kHz.

15. The transducer assembly of claim 14, wherein the first
and second output voltages are substantially the same fre-
quency as the first and second input voltages, respectively.

16. The transducer assembly of claim 10, wherein the first
and second output voltages are substantially in-phase with the
first and second input voltages, respectively.

17. The transducer assembly of claim 10, further compris-
ing a plurality of capacitors adapted to filter out ripple and
minimize DC voltages.
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